Glycogen is an important component of whole-body glucose metabolism. MGSKO mice lack skeletal muscle glycogen due to disruption of the GYS1 gene, which encodes muscle glycogen synthase. MGSKO mice were 5-10% smaller than wild-type littermates with less body fat. They have more oxidative muscle fibers and, based on the activation state of AMP-activated protein kinase, more capacity to oxidize fatty acids. Blood glucose in fed and fasted MGSKO mice was comparable to wild-type littermates. Serum insulin was lower in fed but not in fasted MGSKO animals. In a glucose tolerance test, MGSKO mice disposed of glucose more effectively than wild-type animals and had a more sustained elevation of serum insulin. This result was not explained by increased conversion to serum lactate or by enhanced storage of glucose in the liver. However, glucose infusion rate in a euglycemic-hyperinsulinemic clamp was normal in MGSKO mice despite diminished muscle glucose uptake. During the clamp, MGSKO animals accumulated significantly higher levels of liver glycogen as compared with wild-type littermates. Although disruption of the GYS1 gene negatively affects muscle glucose uptake, overall glucose tolerance is actually improved, possibly because of a role for GYS1 in tissues other than muscle. Diabetes 54: 3466 -3473, 2005 A fter a meal, glucose is distributed into various tissues of the body where it can be utilized as an energy source or stored as glycogen (1). Glycogen is a branched polymer of glucose residues connected by ␣-1,4-glycosidic linkages formed by the enzyme glycogen synthase (EC 2.4.1.11) and branchpoints formed via ␣-1,6-glycosidic linkages, introduced by the branching enzyme (EC 2.4.1.18). There are two mammalian isoforms of glycogen synthase. One, encoded by the GYS2 gene, appears to be expressed only in liver (2) while a second gene, GYS1, is expressed in skeletal and cardiac muscle as well as adipose tissue, kidney, and brain (3).
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Estimates of the contribution of skeletal muscle glycogen to glucose disposal after ingestion of carbohydrate vary. In humans, reports of ingested glucose conversion to muscle glycogen range from ϳ40% (4) up to 90% (5) . It is widely accepted that muscle is an important site for glucose disposal and one might hypothesize that, in the absence of muscle glycogen, glucose clearance would be impaired. Consistent with this hypothesis, mutations in the GYS1 gene in humans have been implicated in certain diabetic populations with, for example, the Pro442Ala mutation resulting in decreased muscle glycogen synthase activity (6) .
We recently described the MGSKO mouse, in which the GYS1 gene is disrupted (7) . Analysis of MGSKO mice confirmed the long-held supposition that glycogen synthase is required for glycogen synthesis since these animals were devoid of glycogen in cardiac and skeletal muscle (7) . In the present study, we analyzed a number of metabolic parameters in the MGSKO mouse, including whole-body glucose metabolism, with an initial hypothesis that mice lacking the ability to synthesize muscle glycogen would be impaired in their ability to remove glucose from the circulation. We report that, despite impaired glucose uptake into skeletal muscle, glucose disposal is either normal or improved in MGSKO mice, depending on experimental conditions, and that lack of glycogen does not result in increased fat mass. of [2- 3 H]deoxyglucose was given. Mice were killed 25 min after deoxyglucose administration, and vastus lateralis, soleus, gastrocnemius, diaphragm, heart, adipose tissue, and brain were excised and rapidly frozen in liquid nitrogen. Tissue-specific glucose uptake was determined in these tissues as described by Kraegen et al. (13) . Body composition. Subsequent to tissue removal for assessing tissue-specific glucose uptake, carcasses were lyophilized at the University of Cincinnati Medical Center Mouse Metabolic Mouse Phenotyping Center and subjected to petroleum ether extraction to determine fat, water, and lean body mass (14) . Food consumption. Food consumption was measured in 11-to 12-month-old male MGSKO and wild-type mice for 7 days. Preweighed food was given to mice at 5 P.M., and food remaining was determined the following afternoon (5 P.M.). The total amount of food consumed over the 7 days was used to calculate the average food consumption per day for each animal.
Blood ketones and triglycerides were monitored with a BioScanner 2000 (Polymer Technology Systems, Indianapolis, IN). Protein content was determined by the method of Bradford (15) using BSA as a standard. Results are presented as means Ϯ SE. Unpaired Student's t test was used to determine statistical significance.
RESULTS
Disruption of GYS1, encoding the muscle isoform of glycogen synthase, results in mice lacking glycogen synthase protein, activity, and glycogen in skeletal and cardiac muscle (7) as well as glycogen in lung, brain, and kidney (B.A.P., J.M.S., C.R. Cope, P.J.R., unpublished observations). A high percentage of MGSKO mice have abnormalities of cardiac development and die shortly after birth (7) . Surviving null mice exhibited no obvious abnormalities (7). The survivors had normal locomotor activity and exercise endurance similar to wild-type mice (16) . Growth and body composition. There were no obvious differences, by visual inspection, in the size of MGSKO mice compared with wild-type littermates. However, when body weight was monitored carefully over time, it was apparent that, after ϳ3 months of age, male and female MGSKO mice were 10 and 5%, respectively, lighter than the wild-type animals (Fig. 1) , respectively). One potential explanation for a decrease in body weight is a reduction in body fat. The mass of body fat, as determined from body composition analysis, showed a strong tendency to be reduced in male MGSKO mice (Fig.  1) . Consistent with this trend, epididymal fat pads from MGSKO-null mice weighed significantly less than those from wild-type littermates (Fig. 1) . Lean mass was similar between MGSKO animals and wild-type littermates (30.7 Ϯ 0.5, wt; 31.0 Ϯ 0.6% of carcass weight, MGSKO). Metabolism in MGSKO mice. Upon necropsy, the muscle of MGSKO mice entered rigor mortis more rapidly than wild-type muscle and also had a redder appearance. The former observation is consistent with the absence of glycogen (17) and was also found in mice lacking the type 1 phosphatase glycogen-targeting subunit (8) , which has a 90% reduction in muscle glycogen (A.A.D.R., unpublished observations). The increased redness would be consistent with a reduction in fat surrounding the muscle but could also be due to a higher proportion of oxidative fibers in the null mice. One method to assess the proportion of oxidative fibers is by ATPase staining (10) . This analysis indicated that in the gastrocnemius muscle of MGSKO animals there was an increase in the number of slow, oxidative type I fibers compared with wild-type littermates (Fig. 2) . The proportion of type II b oxidative glycolytic fibers was not significantly different, whereas the amount of fast glycolytic type II a fibers decreased, although the difference did not reach statistical significance. The capacity of a muscle for fatty acid oxidation can be indexed biochemically by the activation state of the AMPK and the phosphorylation state of its substrate acetyl-CoA carboxylase (ACC) (rev. in 18). Phosphorylation of ACC causes inactivation, leading to reduced malonyl CoA levels and thereby relieving inhibition of fatty acid oxidation (rev. in 19) . The activation state of AMPK, as judged by phospho-specific antibodies to the activating T-loop phosphorylation site, was ninefold higher in the MGSKO mice than in wild type (Fig. 3) . Consistent with this elevation, the phosphorylation state of ACC was increased by 52% (Fig. 3 ). To make sure that the activation of AMPK was not an artifact of tissue harvesting, with more AMP generation in muscle lacking glycogen, we also analyzed muscle taken from anesthetized mice by in situ freeze clamping. The samples were compared with muscle removed from the contralateral limb and then frozen in liquid nitrogen. The greater activation of AMPK in the MGSKO muscle was observed whether or not the tissue was freeze clamped (data not shown). These results suggest a greater basal capacity for fatty acid oxidation in the muscle of MGSKO mice.
One might hypothesize that elimination of a major repository for circulating glucose would affect their ability to regulate blood glucose levels. However, blood glucose levels in fed and fasted animals were normal in MGSKO mice as were the levels of triglycerides and ketones ( Table  1 ). The lactate level in fed MGSKO mice was significantly lower but the difference was minimal after fasting (Table  1) . In response to a glucose challenge, both male and female MGSKO mice cleared glucose from the bloodstream significantly better than either wild-type or heterozygous littermates during an intraperitoneal GTT (Fig.  4) . The initial increase in blood glucose was similar up to 5 min, after which the levels in the MGSKO mice remained lower than in controls (Fig. 4, inset) . To be sure that differences in GTT performance were not in some way linked to glucose absorption from the peritoneal cavity, we also performed GTT's with glucose administered orally. As with intraperitoneal delivery, the MGSKO mice disposed of the glucose more effectively (data not shown).
Because glucose could not be stored as glycogen in muscle, it is possible that more glucose was metabolized anaerobically by the muscle to produce lactate in the MGSKO mice. Blood lactate levels during the GTT were not significantly different between genotypes, although in male MGSKO mice a delay in lactate production was observed as well as a trend to higher lactate levels at 60 and 120 min after glucose injection (Fig. 4) . Heterozygous mice had blood lactate levels indistinguishable from wildtype littermates (Fig. 4) . Another potential fate of glucose in the MGSKO mice is incorporation into liver glycogen; the GYS2 gene, encoding the liver isoform of glycogen synthase, is intact and liver glycogen synthase total activity was not affected in the null mice (23.5 Ϯ 1.6 wild type, 23.0 Ϯ 2.5, MGSKO nmol ⅐ min Ϫ1 ⅐ mg Ϫ1 protein, n ϭ 5). In fed MGSKO mice, there was a trend for lower liver glycogen (377 Ϯ 33 wild type, 297 Ϯ 29 MGSKO mol glucose/g tissue, n ϭ 8, P ϭ 0.1), whereas in fasted mice there was no significant difference (Fig. 5) . Two hours after glucose injection, mice were killed for measurement of liver glycogen levels. In both the wild-type and MGSKO animals, ϳ12% of the injected glucose accumulated as liver glycogen (Fig. 5) , suggesting that increased synthesis of liver glycogen is not responsible for the enhanced glucose disposal by MGSKO mice. During the same GTT, there was no significant increase in muscle glycogen levels in the wild-type mice (7.4 Ϯ 1.2 fasted, 5.9 Ϯ 0.5 mol glucose/g tissue after GTT), arguing against muscle glycogen being a major contributor to glucose disposal in mice. Insulin levels in MGSKO mice. Fed male MGSKO mice have lower serum insulin levels as compared with wildtype controls (Table 1) , which would be consistent with enhanced insulin sensitivity. However, insulin tolerance tests, in which blood glucose was monitored after intraperitoneal insulin injection, indicated that both male and female null mice responded similarly to their wild-type and heterozygous littermates (data not shown). Insulin levels were similar in wild-type and MGSKO mice fasted for 6 h (0.85 Ϯ 0.11 wild type, 1.10 Ϯ 0.15 ng/ml MGSKO, n ϭ 8) or overnight (0.68 Ϯ 0.09 wild type, 0.55 Ϯ 0.06 ng/ml MGSKO, n ϭ 5-7). After administration of glucose during a GTT, the initial increase in serum insulin was similar in wild-type and MGSKO mice but remained higher for an extended period of time in MGSKO mice (Fig. 5) , correlating with the reduced circulating glucose levels (Figs. 4,  5 ). This result argues that either insulin secretion or clearance is modified in the MGSKO mice. Euglycemic-hyperinsulinemic clamp. As a further exploration of glucose metabolism and insulin sensitivity in MGSKO mice, animals were subjected to euglycemic- hyperinsulinemic clamps. The glucose infusion rate was comparable in wild-type and null mice, indicating that whole-body glucose disposal and insulin sensitivity were not improved in MGSKO animals under the conditions of the clamp (Fig. 6) . In fact, tissue-specific glucose uptake during the clamp was decreased in all tissues tested from MGSKO animals (Fig. 6 ) indicative of peripheral insulin resistance. As judged by Western analysis, total GLUT4 protein was the same in skeletal muscle from wild-type and MGSKO mice (data not shown). Liver glycogen in samples collected at the end of the clamp were significantly higher in MGSKO mice (59.1 Ϯ 14.0 mol glucose/g tissue) as compared with wild-type littermates (24.6 Ϯ 7.5 mol glucose/g tissue, n ϭ 8, P ϭ 0.048). High-fat feeding. Placing mice on a high-fat diet is known to induce obesity and glucose intolerance (20) . Both male and female wild-type and null MGSKO mice were subjected to a high-fat diet to determine whether the absence of glycogen affected the acquisition of glucose intolerance. Mice were started on the high-fat diet at 40 days of age and body weight, blood glucose, triglycerides, and blood lactate monitored biweekly. There were no differences in blood triglycerides or lactate levels between genotypes over the period that mice were on a high-fat diet (data not shown). As to be expected, body weight was significantly higher in both wild-type and MGSKO animals after 12 weeks on the high-fat diet as compared with age-matched animals on a standard diet (Fig. 7 ). As observed with standard feeding, MGSKO mice on a high-fat diet showed a trend to weigh less than wild-type mice on the same diet (Fig. 7) . GTTs were performed 12 weeks into the study (Fig. 7) . For both genotypes, fasting blood glucose was elevated as compared with control mice on a normal diet. Although the male MGSKO mice still tended to have improved glucose disposal, the difference was no longer statistically significant. In female MGSKO mice, however, their improved glucose disposal was preserved on the high-fat diet (Fig. 7) . The lack of muscle glycogen can be partially protective against the insulin resistance induced by fat feeding.
DISCUSSION
The role of skeletal muscle as a primary site of insulindependent glucose disposal in humans is well established (5, 21) . In mice, its role is less clear. A number of transgenic and knockout mouse models have targeted muscle glucose disposal. Muscle-specific disruption of the insulin receptor causes skeletal muscle insulin resistance without frank diabetes (22, 23) . Elimination of muscle GLUT4 leads to a more severe phenotype, with impaired muscle glucose uptake and the development of diabetes in a subset of the mice (24, 25) . Basal muscle glycogen levels in both models were normal but insulin-stimulated glycogen synthesis was reduced (22, (25) (26) (27) . In contrast, transgenic mice overexpressing GLUT4 (28, 29) and GLUT1 (28, 30, 31) in muscle had increased glucose uptake, increased muscle glycogen content, and improved glucose tolerance. This improvement in glucose tolerance occurred despite skeletal muscle insulin resistance as determined by euglycemichyperinsulinemic clamp (28) and in ex-vivo muscle studies (31, 32) . These mouse models generally reveal a positive correlation between muscle glucose uptake and overall glucose tolerance but do not specifically address the role of muscle glycogen synthesis. Glycogen levels in mouse muscle have also been manipulated via type 1 protein phosphatase subunits that target the enzyme to glycogen. Two reports (8, 33) describe disruption of the gene encoding R GL or G M , which is expressed only in striated muscle, with conflicting results. In both cases, loss of R GL results in reduced muscle glycogen synthase activity and glycogen. Suzuki et al. (8) found no change in body weight, in vitro insulin-stimulated glucose uptake, or glucose tolerance as judged by GTT in three independently generated lines. Delibegovic et al. (2003) reported that the null mice had increased fat mass upon aging and developed glucose intolerance in a GTT (33) . The latter study depended on a single embryonic stem cell line. Disruption of the gene encoding the ubiquitously expressed protein targeting to glycogen type 1 phosphatase glycogen-targeting subunit (34) was lethal, but heterozygotes for the null mutation had less active glycogen synthase and reduced glycogen stores in several tissues (35) . These animals acquire insulin resistance and glucose intolerance with aging. In all of the preceding models, however, the mutation is upstream of glycogen biosynthesis, and other factors besides muscle glycogen could contribute to the phenotype. The MGSKO mice provide, in principle, a much stricter test of the importance of muscle glycogen for blood glucose homeostasis.
The phenotype of the MGSKO mice as related to glucose homeostasis was complex. The animals disposed of glucose better than wild-type animals in a GTT but, in a euglycemic-hyperinsulinemic clamp, insulin-sensitivity of MGSKO mice, judged by glucose infusion rate, was no different from wild type. Insulin-induced glucose uptake into peripheral muscle, brain, and adipose tissue was decreased whereas liver glycogen accumulation was enhanced in the MGSKO mice. A possible explanation for the decrease in glucose uptake is that glucose-6-P, unable to be converted to glycogen, builds up and inhibits hexokinase. The apparent conflict between the results of the GTT and the clamp can be explained in part by experimental conditions. During the clamp, ϳ1,250 mol of glucose are delivered over a 2.25-h period with insulin maintained at an elevated level (2.5 ng/ml) and, despite insulin resistance of peripheral tissues, enhanced glycogen synthesis in the liver of the MGSKO mice contributes to maintaining normal insulin sensitivity. During a GTT, ϳ280 mol of glucose are disposed in ϳ120 min with serum insulin free to increase but still remaining below ϳ1 ng/ml. No change in glycogen synthesis by the liver is observed. Rather, increased glucose disposal by the MGSKO mice correlates with more sustained elevation in serum insulin during the GTT, a response not achievable with the clamp protocol where the insulin concentration is fixed.
Since the absence of muscle glycogen did not impair glucose disposal, one might question the importance of muscle glycogen accumulation for blood glucose homeostasis in the mouse. This conclusion is reinforced by the fact that, over the course of a GTT, there is no net accumulation of glycogen in the skeletal muscle of wildtype mice. After the 2-h period, however, the equivalent of 12% of the injected glucose was measured as liver glycogen in both genotypes. The fate of the remainder of administered glucose has not been quantitated in the current study. However, our calculation does not take into account storage of glucose equivalents in other tissues as glycogen, fat, or, perhaps more importantly, glucose utilization. If one considers an ϳ15-kcal daily caloric intake for a 25-g mouse (8), on average the mouse consumes 0.625 kcal per hour. Therefore, it is not unreasonable to expect that a significant fraction of the injected glucose, caloric equivalent of 0.204 kcal, based on 4 kcal/g, is simply consumed during the GTT by the normal activity of the mice. In several clamp studies, it has been proposed that glucose consumption by glycolysis in muscle is much greater than disposal as glycogen (for example 36, 37) . If all of the injected glucose (ϳ280 mol for a 25-g mouse) was converted to muscle glycogen, we would anticipate an increase in muscle glycogen of ϳ33 mol glucose/g tissue, assuming that 30% of the body weight is muscle. The basal amount of muscle glycogen, with the same assumptions, is 50 -80 mol glucose equivalents compared with 400 -500 mol glucose equivalents of liver glycogen. Thus, in fed mice, there is 5-10 times as much liver glycogen as muscle glycogen, and the former may play the dominant role in glucose disposal. The importance of the liver generally to blood glucose homeostasis is emphasized by the phenotype of the LIRKO mouse, in which the insulin receptor is specifically disrupted in the liver (38) . These animals are hyperglycemic, glucose intolerant, and insulin resistant.
The foregoing reasoning does not mean that muscle glycogen is not important for glucose disposal and insulin resistance in humans. As a fraction of body weight, human muscle glycogen is ϳ10 times greater than mouse muscle glycogen (our results, 39). Both the muscle glycogen concentration, 80 -100 mol glucose/g (40) , and muscle mass as a fraction of body weight, ϳ40% (41, 42) , are greater in humans, and muscle glycogen has a more central role in glucose homeostasis. Also, in contrast to mice, humans have three-to eightfold more muscle glycogen than liver glycogen (43) . Therefore, defects in mouse models that cause relatively modest impairments in muscle metabolism or glucose uptake without causing diabetes may well translate into a more severe phenotype in humans. In fact, the demonstration that skeletal muscle is insulin resistant in the MGSKO mice makes an argument that impairment of the ability to synthesize muscle glycogen in humans could well make a significant contribution to glucose intolerance.
Although the absence of a muscle glycogen store in MGSKO mice can have a direct impact on glucose metabolism, experience with the numerous mouse lines carrying defects in insulin signaling and intermediary metabolism cautions that genetic interventions can cause complex and indirect effects as well. Adaptations can lead to metabolic changes in the affected tissue as well as other organs, whether by modifying fuel-usage patterns or altering communication among organs. In the case of MGSKO mice, 90% of the null pups die shortly after birth, raising the question of a secondary factor that permits survival of the subset of mice analyzed in the current study. As previously described (9) , the death of these newborns appears to be due, at least in part, to defects in heart development. However, survivors have hearts that are relatively normal and slightly larger. One important compensatory mechanism in MGSKO mice is the modification in fatty acid oxidation; however, the fact remains that improved glucose tolerance and sustained elevation of serum insulin concentration during the GTT occur in animals that are devoid of skeletal muscle glycogen. In the MGSKO animals, the absence of glycogen correlates with development of muscle that appears less fast glycolytic and more oxidative. Increased phospho-ACC and phospho-AMPK suggests greater oxidative capacity in muscle and may account, at least in part, for the improved glucose tolerance observed in MGSKO animals and the reduced fat mass in these mice. The ␤-subunit of AMPK contains a carbohydrate-binding domain (44) that binds glycogen, although the functional significance of this interaction is not fully understood (45, 46) . There are reports, however, that elevated muscle glycogen correlates with suppression of AMPK activity (45, 47) . Together with our finding that lack of glycogen activates AMPK, one might propose that glycogen inhibits AMPK in muscle as part of the nutrientsensing process. Phosphorylation of ACC is inactivating and so ACC gene disruption should partly mimic the increased ACC phosphorylation observed in the muscle of MGSKO mice. Interestingly, ACC2-null (48) and MGSKO mice share protection against high-fat feeding-induced glucose intolerance.
In some mouse models with impaired muscle glucose metabolism, secondary effects on liver, adipose tissue, and other organs can occur. For example, the MIRKO mice develop greater adiposity (49) . Muscle-specific disruption of GLUT4 results in a significant increase in liver glucose uptake and glycogen accumulation, suggesting that glucose unable to enter the muscle is shunted to the liver (24) . In mice lacking GLUT4 in both adipose tissue and muscle, the liver assumes a much greater role in glucose homeostasis, in part by increased fat metabolism (50) . Liver glycogen levels were not reported in this study. In any event, MGSKO mice may have a milder version of these phenotypes, with an enhanced role for liver apparent only under the forcing conditions of the euglycemic-hyperinsulinemic clamp when increased glycogen accumulation was observed. However, this reasoning cannot easily explain the improved glucose disposal by MGSKO mice during a GTT. The strongest clue from the present work is the sustained elevation of serum insulin coinciding with lowered blood glucose. There are several possibilities that could explain these data. First, muscle could be influencing insulin levels by communicating with ␤-cells to increase insulin secretion or with the liver to suppress insulin breakdown. Indeed, the ability of muscle to communicate with pancreatic ␤-cells was already proposed by Mauvais-Jarvis et al. (51) . In MGSKO mice, this interorgan communication would have to be affected by the presence of glycogen in muscle. There is a precedent for muscle glycogen content affecting the formation and release of regulatory molecules in that exercise-induced interleukin-6 release by the muscle is enhanced as glycogen levels are decreased (52) . From study of MGSKO mice, we have not however noted any significant effects of the loss of muscle glycogen on either basal or exercise-induced serum interleukin-6 levels (B.A.P., M.W.S., C.R. Cope, J.M.S., P.J.R., unpublished observations). An alternative explanation is that disruption of GYS1 in some tissue other than muscle causes the improved glucose tolerance. GYS1 is expressed in brain and, if brain glycogen is implicated, it is not through control of appetite since the MGSKO mice have normal food consumption. Nor is loss of expression of glycogen synthase in adipose tissue a likely explanation for improved glucose tolerance since insulin-stimulated glucose uptake is reduced in fat of MGSKO animals. With modified insulin secretion as one potential explanation for the performance of MGSKO mice in GTTs, an interesting hypothesis is that GYS1 is expressed in ␤-cells and that the absence of glycogen promotes insulin release. We can measure glycogen synthase activity and mRNA in the pancreas of wild-type mice, but neither is detectable in MGSKO animals (B.A.P., G.E.P., P.J.R., unpublished observations). The next step is to establish whether the enzyme is present in the ␤-cells. Glucokinase is considered to be important for glucose sensing and one speculation is that, without glycogen as a glucose sink, glucose-6-P or other metabolites take longer to be metabolized and so prolong signals for insulin secretion. Also, like skeletal muscle, perhaps ␤-cells have increased oxidative capacity in MG-SKO mice leading to an elevated ATP-to-ADP ratio in response to a given glucose load. Further studies will address these possibilities.
